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S p e c t r a l  r e f l e c t a n c e  c h a r a c t e r i s t i c s  o f  suspended Bermuda Hundred and B a i l e y  
Bay bottom sediments  t aken  from t h e  Hopewell, Va., area were measured i n  t h e  l ab -  
o r a t o r y  f o r  water mixture  t o t a l  suspended s o l i d s  c o n c e n t r a t i o n s  between 4 and 
173 p a r t s  pe r  m i l l i o n .  F i e l d  s p e c t r a l  r e f l e c t a n c e  measurements were made o f  t h e  
James River  waters n e a r  Bermuda Hundred on two occas ions .  The r e s u l t s  o f  t h e s e  
tests i n d i c a t e  t h a t  bo th  Bermuda Hundred and B a i l e y  Bay suspended sediments  pro- 
duce t h e i r  s t r o n g e s t  r e f l e c t a n c e  i n  t h e  g reen  and r e d  r e g i o n s  o f  t h e  spec t rum.  
The g e n e r a l  s p e c t r a l  c h a r a c t e r i s t i c  o f  Bermuda Hundred suspended sediments  is  
similar t o  t h a t  observed f o r  t h e  James River .  D i f f e r e n c e s  do e x i s t ,  however, 
because o f  v a r i a t i o n s  i n  such f a c t o r s  as s p e c t r a l  r e s o l u t i o n ,  algae c o n t e n t ,  and 
p a r t i c l e  s i z e  d i s t r i b u t i o n .  
I N T R O D U C T I O N  
I n d u s t r i a l  waste o u t f a l l s  on r i v e r s  and e s t u a r i e s  are a major c o n t r i b u t o r  t o  
water p o l l u t i o n .  C o s t l e  (see r e f .  1) n o t e s  t h a t  major p o l l u t e r s  are t h e  e l ec t r i c  
u t i l i t i e s  as w e l l  as the  i r o n  and s tee l ,  pulp and pape r ,  petroleum r e f i n i n g ,  non- 
f e r r o u s  metals, and chemical  i n d u s t r i e s .  Among t h e  more dangerous i n d u s t r i a l  
chemica ls  found i n  water are p o l y c h l o r i n a t e d  b ipheny l s  (PCB's),  polybrominated 
b ipheny l s  (PBB's),  and kepone. 
One area wi th  major i n d u s t r i a l  p o l l u t i o n  problems is t h e  James River  n e a r  
Hopewell, Va. Reference 2 d i s c u s s e s  t h e  n a t u r e  o f  t h e  problem and g i v e s  a h i s -  
t o r i c a l  summary. S i n c e  1974, t h e  Na t iona l  Aeronaut ics  and Space Admin i s t r a t ion  
(NASA) has  conducted remote s e n s i n g  exper iments  i n  t h a t  area. (See refs.  3 
and 4 . )  These exper iments  were conducted i n  coope ra t ion  wi th  t h e  Environmental  
P r o t e c t i o n  Agency (EPA), t h e  U . S .  Army Corps o f  Eng inee r s  (USACE), and t h e  
V i r g i n i a  S t a t e  Water Con t ro l  Board (VSWCB) as p a r t  o f  an o v e r a l l  r e s e a r c h  pro- 
gram t o  e v a l u a t e  t h e  f e a s i b i l i t y  o f  remote s e n s i n g  o f  v a r i o u s  water parameters .  
Another a s p e c t  o f  t h e  o v e r a l l  r e s e a r c h  program is t h e  l a b o r a t o r y  measurement 
o f  upwelled s p e c t r a l  r e f l e c t a n c e s  from de ion ized  and f i l t e r e d  t a p  water wi th  var -  
i o u s  t y p e s  of  suspended bottom sediments .  It is d e s i r a b l e  t o  compare l a b o r a t o r y  
measurements w i th  a c t u a l  f i e l d  d a t a ,  r ecogn iz ing  t h a t  t h e  l a b o r a t o r y  f a c i l i t y  
cannot  d u p l i c a t e  f i e l d  c o n d i t i o n s .  A s  p a r t  o f  t h i s  e f f o r t ,  t h e  NASA Langley 
Research Center  (LaRC) has  made a number o f  l a b o r a t o r y  tes ts  u s i n g  sed imen t s  
t aken  from t h e  bottom of t h e  James River  nea r  Bermuda Hundred, which is abou t  
3 miles n o r t h  o f  Hopewell ,  Va. S p e c t r a l  r e f l e c t a n c e  measurements o f  t h e  r i v e r  
water a t  Bermuda Hundred were made from a NASA b o a t  on A p r i l  14 and May 17,  
1977. 
During t h e  same time p e r i o d ,  t h e  USACE conducted a f e a s i b i l i t y  s t u d y  f o r  
EPA d e f i n i n g  v a r i o u s  a l t e r n a t i v e s  f o r  removal o f  bottom sediments  from B a i l e y  
Bay t o  t h e  east o f  Hopewell, V a .  The B a i l e y  Bay bottom sediments  c o n t a i n  kepone 
as w e l l  as numerous o t h e r  i n d u s t r i a l  wastes. Some d redg ing  might be r e q u i r e d  
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i n  t h e  f u t u r e ,  and there was a q u e s t i o n  as t o  whether  t h e  dredge waste plume 
could  be monitored by u s i n g  remote s e n s i n g  t echn iques .  I n  s u p p o r t  o f  t h e  USACE 
s t u d y ,  NASA-LaRC conducted s e v e r a l  l a b o r a t o r y  tes ts  on bottom sediments  t aken  
from B a i l e y  Bay. The o b j e c t i v e  o f  t h e s e  tests was t o  de te rmine  whether t h e  
s p e c t r a l  r e f l e c t a n c e  o f  B a i l e y  Bay sediment  i n  suspens ion  can be d i s t i n g u i s h e d  
from t h a t  o f  Bermuda Hundred sed iment ,  be l i eved  t y p i c a l  of suspended sediments  
i n  t h e  James R i v e r .  
Th i s  paper  p r e s e n t s  l a b o r a t o r y  s p e c t r a l  r e f l e c t a n c e  data f o r  bottom sedi- 
ments i n  suspens ion  from both  t h e  Bermuda Hundred and B a i l e y  Bay l o c a t i o n s .  
Fur thermore ,  t h e  r e f l e c t a n c e s  from t h e  Bermuda Hundred sediment  tests are com- 
pared wi th  f i e l d  measurements o f  t h e  James R i v e r .  F i n a l l y ,  recommendations are 
made for improved l a b o r a t o r y  procedures  i n  f u t u r e  tests o f  bottom sediments  i n  
suspens ion .  
SYMBOLS 
area o f  spec t romete r  e n t r a n c e  s l i t ,  cm2 
v e r t i c a l  d i sp lacement  o f  o s c i l l o s c o p e  measurement, cm 
s p e c t r a l  i r r a d i a n c e ,  W/m2-nm 
r a t i o  o f  i n s t rumen t  th roughput  AR t o  v e r t i c a l - s c a l e  s e n s i t i v i t y  
f a c t o r  S ,  c m L r - n m / m ~  
upwelled s p e c t r a l  r a d i a n c e ,  mW/cm2-sr-nm 
s p e c t r a l  power, mW/nm 
v e r t i c a l - s c a l e  s e n s i t i v i t y  f a c t o r ,  mW/cm-nm 
wavelength,  nm 
s p e c t r a l  r e f l e c t a n c e  ( r e l a t i v e  t o  100-percent d i f f u s e  r e f l e c t o r ) ,  
p e r c e n t  o f  i n p u t  
s t a n d a r d  d e v i a t i o n  o f  i n s t rumen t  e r r o r  
accep tance  s o l i d  a n g l e  o f  s p e c t r o m e t e r ,  sr 
EXPERIMENTAL METHOD 
The arrangement  shown i n  f i g u r e  1 was used  t o  conduct  l a b o r a t o r y  tes ts .  
Main p a r t s  of t h e  system i n c l u d e  a water t a n k ,  c i r c u l a t i o n  sys tem,  f i l t r a t i o n  
and d e i o n i z a t i o n  sys tem,  s o l a r  s i m u l a t o r ,  f i r s t - s u r f a c e  m i r r o r ,  and rap id-scan  
spec t romete r .  The l i g h t  sou rce  is a 2.5-kW xenon s h o r t - a r c  lamp which produces  
a spectrum similar t o  t h a t  of t h e  Sun a t  a s o l a r  e l e v a t i o n  a n g l e  o f  300, as 
shown i n  f i g u r e  2. A more complete d e s c r i p t i o n  of t h e  l a b o r a t o r y  and equipment 
is  g iven  i n  t h e  appendix .  
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The Bermuda Hundred bottom sediment  sample was taken  from t h e  l o c a t i o n  
shown i n  f i g u r e  3 on February  15, 1977. Water depth  a t  t h e  sample l o c a t i o n  
was approximate ly  3 m. 
c o l o r .  The material w a s  then  conver ted  t o  a dry  s ta te  by s low baking  i n  an oven 
a t  115O C f o r  16 hour s .  Drying w a s  r e q u i r e d  so t h a t  t h e  sample could  be h e l d  
f o r  a long p e r i o d  o f  time in a r e l a t i v e l y  i n e r t  s ta te  i n  sealed p l a s t i c  bags. 
Low t empera tu res  were used i n  t h e  d ry ing  p rocess  t o  minimize t h e  effect  on 
o r g a n i c  c o n t e n t .  Material c o l o r  changed from dark t o  medium g r a y  upon d ry ing .  
S e l e c t e d  chemical p r o p e r t i e s  o f  t h e  d r y  Bermuda Hundred sediment  were ana lyzed  
a t  LaRC and are g i v e n  i n  table I. The l a b o r a t o r y  experiment  was conducted by 
first f i l l i n g  t h e  t ank  wi th  approximate ly  11 600 l i t e r s  o f  cond i t ioned  ( f i l t e r ed  
and d e i o n i z e d )  t a p  water. Measured weights  o f  dry  sediment were then  mixed wi th  
t h e  t ank  water i n  s u c c e s s i o n  t o  a c h i e v e  i n c r e a s i n g  l e v e l s  of sediment  concent ra -  
t i o n .  S p e c t r a l  measurements were made a t  mixture  c o n c e n t r a t i o n s  o f  4 ,  17,  25,  
52 ,  86 ,  and 173 ppm o f  t o t a l  s o l i d s  by weight.  (The cond i t ioned  t a p  water t o  
which the sed iments  were added conta ined  less than  0.5 ppm o f  suspended s o l i d s  
and 2 ppm o f  d i s s o l v e d  s u b s t a n c e s . )  
The sample was i n  a mud state and w a s  dark g r a y  i n  
The B a i l e y  Bay bottom sediment  was ob ta ined  by the  USACE nea r  the  mouth o f  
Ba i l ey  Creek as shown i n  f i g u r e  3. The sample was ob ta ined  from knee-deep waters 
nea r  t h e  t i m e  o f  low t i d e  and was very  d a r k  g r a y ,  a lmost  b l ack ,  i n  c o l o r .  T h i s  
material was k e p t  refr igerated i n  a wet, muddy s t a t e  u n t i l  t h e  time o f  t e s t i n g  
(approximate ly  3 weeks) because it was be l i eved  t o  c o n t a i n  o r g a n i c s  which were 
v o l a t i l e  j u s t  above room tempera tu re .  Table  I1 g i v e s  selected chemical proper-  
t i e s  o f  t h e  w e t  B a i l e y  Bay sediments  which were f u r n i s h e d  NASA by t h e  USACE. 
Labora tory  tests were conducted i n  a similar manner t o  those  w i t h  t h e  Bermuda 
Hundred material excep t  t h a t  increments  o f  wet material were added t o  ach ieve  
mix tu re  c o n c e n t r a t i o n s  o f  4 ,  86,  and 173 ppm of  t o t a l  s o l i d s  by weight.  
A t h i r d  se r ies  o f  tests were conducted t o  s i m u l a t e  roughly c o n d i t i o n s  o f  
Ba i l ey  Bay sediments  thrown i n t o  suspens ion  by a dredge a t  some f u t u r e  da te .  
F i r s t ,  a weighted amount o f  Bermuda Hundred dry sediment was added  t o  ach ieve  
25 ppm of suspended s o l i d s .  T h i s  a d d i t i o n  was made t o  s i m u l a t e  t h e  t u r b i d  
James River  background waters i n  an approximate manner. (No algae were added . )  
Next,  increments  o f  wet Ba i l ey  Bay sediments  were added  t o  the  t u r b i d  water such 
t h a t  t o t a l  suspended s o l i d s  mixture  c o n c e n t r a t i o n s  o f  25,  29,  42, 59, 111, 154, 
and 198 ppm were achieved  f o r  s p e c t r a l  r e f l e c t a n c e  measurements. 
For each c o n c e n t r a t i o n  l e v e l ,  the. c i r c u l a t i o n  system w a s  a c t i v a t e d  
(bypass ing  t h e  f i l t e r - d e i o n i z a t i o n  sys t em) .  Radiance measurements could  n o t  
begin  u n t i l  a s t e a d y - s t a t e  c o n d i t i o n  w i t h  near-uniform sediment c o n c e n t r a t i o n  
was ach ieved .  Cons ider ing  i n a c c u r a c i e s  i n  f i l l i n g  t h e  t a n k ,  e r r o r s  i n  succes-  
s i v e  weight  measurements, and i n c o n s i s t e n c y  i n  t a p  water, t h e  a b s o l u t e  accuracy  
o f  each c o n c e n t r a t i o n  v a l u e  is  b e l i e v e d  t o  be 0.5 ppm o r  5 p e r c e n t  o f  t he  quoted 
v a l u e ,  whichever is h i g h e r .  
G e n e r a l l y ,  a f t e r  t h e  water t ank  was f i l l e d ,  3 t o  4 hours  were r e q u i r e d  t o  
complete  an  exper iment .  Before ,  d u r i n g ,  and a f t e r  each exper iment ,  d i f f u s e  
r e f l e c t a n c e  measurements o f  the  s o l a r  s i m u l a t o r  s p e c t r a l  i n p u t  a t  t h e  water 
s u r f a c e  were made by u s i n g  a 99-percent  r e f l e c t a n c e  wh i t e  card t o  moni tor  o p t i -  
c a l  s t a b i l i t y  o f  the l a b o r a t o r y  system and t o  d e r i v e  s p e c t r a l  r e f l e c t a n c e  from 
upwelled s p e c t r a l  r a d i a n c e  v a l u e s  f o r  each sediment .  S p e c t r a l  r e f l e c t a n c e  is 
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the  upwelled spectral  r a d i a n c e  o f  t h e  water mixture  d i v i d e d  by t h e  d i f f u s e  
r e f l e c t a n c e  o f  t h e  i n p u t  l i g h t .  
RESULTS AND DISCUSSION 
Measured s p e c t r a l  r a d i a n c e  and r e f l e c t a n c e  c u r v e s  f o r  the  Bermuda Hundred 
Est imated 30 u n c e r t a i n t y  bottom sediment  i n  suspens ion  are shown i n  f i g u r e  4.  
v a l u e s  are based on manufacturer  s p e c i f i c a t i o n s .  (See appendix.)  V a r i a t i o n s  i n  
the s p e c t r a l  r a d i a n c e  c u r v e s  ( f i g .  4 ( a ) )  between 750 and 950 nm are caused by 
the spectral  characterist ics o f  the i n p u t  xenon lamp s o u r c e .  (See f ig .  2 ( b ) . )  
When s p e c t r a l  r a d i a n c e  v a l u e s  are d i v i d e d  by d i f f u s e  r a d i a n c e  measurements o f  
the  i n p u t  l i g h t  s o u r c e  t o  o b t a i n  s p e c t r a l  r e f l e c t a n c e ,  t he  peaks i n  t h e  r e g i o n  
o f  t h e  xenon s p i k e s  should  d i s a p p e a r  w i t h i n  t h e  accuracy  o f  the  measurements. 
S c a t t e r e d  v a l u e s  are obta ined  because of  t h e  problem o f  making an  a c c u r a t e  read- 
i n g  on s t e e p  s l o p e s  i n  t h e  v i c i n i t y  o f  s h a r p  s p i k e s .  A s  a r e s u l t  o f  t h i s  prob- 
lem, f a i r i n g  o f  t he  data is r e q u i r e d  i n  t h e  750- t o  950-nm r e g i o n  f o r  a l l  spec-  
t r a l  r e f l e c t a n c e  v a l u e s .  L i t t l e  f a i r i n g  is  r e q u i r e d  f o r  wavelengths  below 
750 nm. F i g u r e  4 ( b )  shows the  spectral  r e f l e c t a n c e  v a l u e s  f o r  Bermuda Hundred 
bottom sediment .  Es t ima ted  30 u n c e r t a i n t y  v a l u e s  are based on i n s t r u m e n t  manu- 
f a c t u r e r  s p e c i f i c a t i o n s  combined w i t h  d a t a  readup inaccuracy  i n  computing reflec- 
t a n c e .  For these c u r v e s  t h e  s p e c t r a l  r e f l e c t a n c e  a t  green  and r e d  wavelengths  is 
much larger than  t h e  r e f l e c t a n c e  i n  t h e  n e a r - i n f r a r e d  r e g i o n .  
S p e c t r a l  r a d i a n c e  and r e f l e c t a n c e  c u r v e s  f o r  t h e  B a i l e y  Bay bottom sediment 
are shown i n  f i g u r e  5.  Again the  s t r o n g e s t  s p e c t r a l  r e f l e c t a n c e  ( f i g .  5 ( b ) )  is 
a t  t h e  green  and red wavelengths.  Radiance and r e f l e c t a n c e  v a l u e s  f o r  Bermuda 
Hundred and B a i l e y  Bay bottom sediments  are compared i n  f i g u r e  6.  Both sed iments  
have similar r e f l e c t a n c e s  i n  t h e  b l u e  and n e a r - i n f r a r e d  r e g i o n s  o f  t h e  spectrum, 
b u t  Bermuda Hundred material has the  s t r o n g e s t  r e f l e c t a n c e  a t  g r e e n  and r e d  wave- 
l e n g t h s .  
i d e n t i f y i n g  which sediment is p r e s e n t .  For example, a t  a g i v e n  c o n c e n t r a t i o n  the  
r a t i o  Lu(565)/Lu(750) 
B a i l e y  Bay sediment .  It is  d o u b t f u l  t h a t  such a technique  would be u s e f u l  f o r  
low c o n c e n t r a t i o n s ,  however. 
A t  h igh  mixture  c o n c e n t r a t i o n s  a r a t i o  technique  might be u s e f u l  i n  
w i l l  be  h i g h e r  f o r  Bermuda Hundred sediment t h a n  f o r  
Spectral  r a d i a n c e  and r e f l e c t a n c e  c u r v e s  f o r  the  dredge s i m u l a t i o n  tests 
are shown i n  f i g u r e  7.  The composition of  each mixture  is a l s o  shown. The 
h ighes t  r e f l e c t a n c e  ( f i g .  , 7 ( b ) )  is a t  green  wavelengths .  Mixed sediment reflec- 
t a n c e  is  i n t e r p o l a t e d  from f i g u r e  7 ( b )  f o r  173 ppm and is  compared w i t h  Bermuda 
Hundred r e f l e c t a n c e  ( f i g .  4 ( b ) )  i n  f i g u r e  8. For h igh  sediment c o n c e n t r a t i o n s  
t h e  r e l a t i v e  magnitudes o f  r e f l e c t a n c e  between t h e  green  wavelengths  and t h e  
n e a r - i n f r a r e d  wavelengths are d i f f e r e n t  f o r  t h e  two t y p e s  o f  sediment .  Again 
a r a t i o  such as Lu(565)/Lu(750) 
i n  a dredge plume i n  t u r b i d  r i v e r  water (25-ppm Bermuda Hundred sed iment ) .  
might be  u s e f u l  i n  i d e n t i f y i n g  sediment t y p e  
I n  an  e f f o r t  t o  determine how w e l l  l a b o r a t o r y  tests w i t h  Bermuda Hundred 
bottom sediments  s i m u l a t e  a c t u a l  r i v e r  water from a s p e c t r a l  r e f l e c t a n c e  view- 
p o i n t ,  f i e l d  s p e c t r o m e t e r  measurements were made from a NASA boa t  a t  Bermuda 
Hundred on two occas ions .  A comparison o f  the  l a b o r a t o r y  and f i e l d  r e f l e c t a n c e  
data is  shown i n  f i g u r e s  9 and 10. The two l a b o r a t o r y  tes ts  (from f igs .  4 
and 6 )  have a c o n c e n t r a t i o n  o f  25 ppm and a s p e c t r a l  r e s o l u t i o n  o f  32 nm. 
4 
Agreement of the  l a b o r a t o r y  data is w i t h i n  the  l i m i t s  of r e p e t i t i v e  in s t rumen t  
e r r o r .  F i e l d  s p e c t r a l  r e f l e c t a n c e  r e s u l t s  taken  on May 17, 1977, are a l s o  shown 
i n  f i g u r e s  9 and 10. T o t a l  suspended s o l i d s  c o n c e n t r a t i o n  on t h a t  day w a s  iden-  
t i c a l  t o  the l a b o r a t o r y  tests (25 ppm) bu t  the  r i v e r  a l s o  had 44 ppb o f  ch loro-  
p h y l l  a c o n c e n t r a t i o n .  I n  a d d i t i o n ,  r e f l e c t a n c e  data were taken  w i t h  a spectral  
r e s o l u t i o n  o f  16 nm ( i n s t e a d  o f  the l a b o r a t o r y  r e s o l u t i o n  o f  32 nm) t o  p r e v e n t  
i n s t rumen t  s a t u r a t i o n  because o f  t h e  b r i l l i a n c e  of the  Sun. Also shown i n  f ig- 
u r e s  9 and 10 are f i e l d  r e s u l t s  (16-nm s p e c t r a l  r e s o l u t i o n )  ob ta ined  on A p r i l  14 ,  
1977. T o t a l  suspended s o l i d s  c o n c e n t r a t i o n  was 35 ppm, which mismatched l abora -  
t o r y  va lues .  Unfo r tuna te ly ,  t h e  A p r i l  1 4 ,  1977, water sample w a s  no t  ana lyzed  
f o r  c h l o r o p h y l l  a c o n c e n t r a t i o n .  F i g u r e  9 i n d i c a t e s  t h a t  l a b o r a t o r y  r e f l e c t a n c e  
v a l u e s  f o r  suspended Bermuda Hundred bottom sediments  are much lower than  f i e l d  
data.  Comparison o f  f i e l d  data t aken  on t h e  two occas ions  s u g g e s t s  t h a t  high 
r e f l e c t a n c e  v a l u e s  are t y p i c a l  of the  James River  a t  Bermuda Hundred i n  t h e  
A p r i l  and May time p e r i o d .  F i g u r e  10 shows a comparison o f  r e l a t i v e  s p e c t r a l  
characterist ics o f  t he  l a b o r a t o r y  and f i e l d  data. Ref l ec t ance  v a l u e s  are nor- 
mal ized  t o  t he  va lue  a t  565 m. From t h i s  f i g u r e ,  i t  is seen  t h a t  t h e  r e l a t i v e  
spectral  character is t ics  o f  suspended Bermuda Hundred bottom sediments  between 
550 and 800 nm are similar t o  t h o s e  o f  t h e  f i e l d  data .  
D i f f e r e n c e s  between l a b o r a t o r y  and f i e l d  r e s u l t s  may be caused by a number 
o f  f a c t o r s .  Most obvious  are the  d i f f e r e n c e s  i n  c h l o r o p h y l l  a c o n c e n t r a t i o n ,  
spectral  r e s o l u t i o n ,  d i f f u s e  s k y l i g h t ,  and par t ic le  s i z e  d i s t r i b u t i o n .  Size 
range and average  p a r t i c l e  s i z e  are shown i n  t a b l e  111. Average pa r t i c l e  s i z e  
o f  the  bottom sediments  has been de f ined  here as t h a t  a t  which 50 p e r c e n t  o f  
t h e  par t ic les  are c o a r s e r  by weight .  Average par t ic le  s i ze  f o r  t h e  James River  
sample is de f ined  as t h a t  a t  which 50 pe rcen t  o f  t he  p a r t i c l e s  are c o a r s e r  by 
volume. Unfo r tuna te ly ,  t h e  bottom sediments  were ana lyzed  by s i e v e  and p i p e t t e  
t echn iques ,  whereas t h e  water sample was ana lyzed  by C o u l t e r  p rocedures  because 
o f  l i m i t a t i o n s  o f  each l a b o r a t o r y  procedure .  Tab le  I11 c l e a r l y  shows t h a t  the  
l a b o r a t o r y  sed iments  had much larger p a r t i c l e s  than  d i d  the  a c t u a l  r i v e r  waters. 
For a g iven  mixture  c o n c e n t r a t i o n  (by we igh t ) ,  t h e  l a b o r a t o r y  waters had a fewer 
number o f  pa r t i c l e s  than  d i d  t h e  r i v e r  waters. 
These r e s u l t s  sugges t  t h a t  improved procedures  are r e q u i r e d  when a t tempt-  
ing  t o  s i m u l a t e  t h e  spectral  r e f l e c t a n c e  o f  n a t u r a l  waters i n  the l a b o r a t o r y .  
The fo l lowing  procedures  are recommended. F i r s t ,  a sample o f  t h e  n a t u r a l  water 
should  be ob ta ined  and ana lyzed  f o r  t o t a l  suspended s o l i d s ,  v o l a t i l e  suspended 
s o l i d s ,  t o t a l  o r g a n i c  ca rbon ,  algae species,  c h l o r o p h y l l  a c o n c e n t r a t i o n ,  and 
par t ic le  s ize  d i s t r i b u t i o n  as a minimum number o f  parameters. Next ,  bottom 
sediment  samples should  be ob ta ined  and ana lyzed  f o r  the same parameters. Com- 
p a r i s o n s  o f  o r g a n i c  t o  i n o r g a n i c  sediment  r a t i o ,  par t ic le  s ize  d i s t r i b u t i o n  
r a n g e ,  and c h l o r o p h y l l  magnitude should  be made. I f  mismatches e x i s t ,  t h e  bot -  
tom sediments  should be processed  through set t l ing t a n k s  u n t i l  a match is 
o b t a i n e d .  The processed  sed iments  should  then  be t h e  s u b j e c t  o f  t h e  l a b o r a t o r y  
tests. I n  some cases, algae ce l l s  might  be added t o  t h e  mixture  t o  f u r t h e r  
s i m u l a t e  n a t u r a l  c o n d i t i o n s .  P a r a l l e l  w i t h  t h e  preceding  o p e r a t i o n s ,  a small 
sample o f  the  n a t u r a l  water should  be f i l t e r e d  and its a b s o r p t i o n  spectra mea- 
su red  on a spec t ropho tomete r .  Knowledge o f  t he  o p t i c a l  character is t ics  o f  d i s -  
so lved  s u b s t a n c e s  i n  the  n a t u r a l  water is necessa ry  t o  unders tand  the  degree 
of l a b o r a t o r y  s i m u l a t i o n .  When conduct ing  t h e  tests, i t  is  p a r t i c u l a r l y  impor- 
t a n t  t h a t  l a b o r a t o r y  water samples be ob ta ined  and ana lyzed  f o r  p a r t i c l e  s ize  
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d i s t r i b u t i o n ,  c h l o r o p h y l l  2 c o n c e n t r a t i o n ,  t o t a l  o r g a n i c  ca rbon ,  and v o l a t i l e  
suspended s o l i d s ,  as w e l l  as t o t a l  suspended s o l i d s .  Labora to ry  v a l u e s  o f  t h e s e  
pa rame te r s  can then  be  compared wi th  those  o f  t h e  n a t u r a l  water sample t o  assess 
d i f f e r e n c e s  i n  s p e c t r a l  r e f l e c t a n c e  c h a r a c t e r i s t i c s .  
CONCLUDING REMARKS 
S p e c t r a l  r e f l e c t a n c e  c h a r a c t e r i s t i c s  o f  suspended Bermuda Hundred and B a i l e y  
Bay bottom sediments  t aken  from t h e  Hopewell, V a . ,  area were measured i n  t h e  l ab -  
o r a t o r y  f o r  water mixture  t o t a l  suspended s o l i d s  c o n c e n t r a t i o n s  between 4 and 
173 p a s t s  pe r  m i l l i o n .  F i e l d  s p e c t r a l  r e f l e c t a n c e  measurements were made o f  t h e  
James River  waters n e a r  Bermuda Hundred on two o c c a s i o n s .  The r e s u l t s  o f  t h e s e  
l a b o r a t o r y  and f i e l d  measurements i n d i c a t e  t h e  fo l lowing :  
1 .  Both Bermuda Hundred and B a i l e y  Bay bottom sediments  produce t h e i r  high-  
est r e f l e c t a n c e s  i n  t h e  g reen  and red r e g i o n s  o f  t h e  spectrum. R e f l e c t a n c e s  a t  
b lue  and n e a r - i n f r a r e d  wavelengths  are similar for t h e  two materials. 
2 .  For  t h e  same c o n c e n t r a t i o n ,  Bermuda Hundred bottom sediment  has  a h i g h e r  
r e f l e c t a n c e  a t  t h e  g reen  and r e d  wavelengths  than  does t h e  B a i l e y  Bay bottom 
sediment .  
3. I n  g e n e r a l ,  l a b o r a t o r y  r e f l e c t a n c e  tests o f  suspended Bermuda Hundred 
bottom sediment  have similar re la t ive s p e c t r a l  c h a r a c t e r i s t i c s ,  w i t h i n  t h e  range  
550 t o  800 nm, as do r e f l e c t a n c e  data from t h e  r i v e r  taken  on two o c c a s i o n s .  
The magnitude o f  r e f l e c t a n c e  v a l u e s  is  q u i t e  d i f f e r e n t  between l a b o r a t o r y  and 
f i e l d  r e s u l t s ,  however. 
4 .  R a t i o  t e c h n i q u e s  should  prove u s e f u l  i n  app ly ing  remote s e n s i n g  data t o  
d i s t i n g u i s h  B a i l e y  Bay sediments  from James River  sed iments  i n  h igh  t u r b i d i t y  
plumes, as may occur  i n  dredging  o p e r a t i o n s .  
Improved l a b o r a t o r y  procedures  are r e q u i r e d  i f  t h e  s p e c t r a l  ref lec  t a n c e s  
of n a t u r a l  w a t e r s  are t o  be s imula t ed  i n  t h e  l a b o r a t o r y .  A d d i t i o n a l  l a b o r a t o r y  
tests are recommended t o  develop and v a l i d a t e  t h e s e  p rocedures .  The a b i l i t y  
t o  be t te r  s i m u l a t e  n a t u r a l  waters w i l l  enhance t h e  c a p a b i l i t y  f o r  unde r s t and ing  
t h e  effects  of  a d d i n g  p o l l u t a n t s .  
Langley Research Center  
Na t iona l  Aeronau t i c s  and Space Admin i s t r a t ion  
Hampton, VA 23665 
August 31, 1978 
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APPENDIX 
LABORATORY AND EQUIPMENT 
The c y l i n d r i c a l ,  s t ee l  water t ank  has  a 2.5-m d iame te r  and a 3-m depth .  
The bottom is concave as i l l u s t r a t e d  i n  f i g u r e  1. The t ank  i n t e r i o r  is coa ted  
wi th  a b lack  p h e n o l i c  p a i n t  t h a t  a b s o r b s  97 p e r c e n t  o f  i nc idence  r a d i a t i o n  ove r  
t h e  s p e c t r a l  range o f  t h e s e  measurements (400 t o  980 nm). For t h e s e  e x p e r i -  
ments ,  t h e  t ank  was f i l l e d  t o  w i t h i n  0 .3  m of t h e  t o p  wi th  about  11  600 l i ters  
o f  water. 
The c i r c u l a t i o n  system was designed t o  ma in ta in  a v e r t i c a l  and h o r i z o n t a l  
homogeneous mixture  i n  t h e  tank  and t o  ma in ta in  i n  suspens ion  p a r t i c l e s  up t o  
abou t  70 u m  i n  d iameter  ( s p e c i f i c  g r a v i t y  of 2 . 6 ) .  T h i s  p a r t i c l e  s i z e  co r re -  
sponds t o  f i n e  sand.  I n  o r d e r  t o  accomplish t h e s e  des ign  g o a l s ,  water is pumped 
from t h e  d r a i n  a t  t h e  bottom o f  t h e  t ank  i n t o  a system o f  p i p e s  which r e t u r n s  
t h e  water t o  t h e  tank  through two v e r t i c a l  p i p e s  on o p p o s i t e  s i d e s  o f  t h e  t ank .  
The p i p e s  empty j u s t  above t h e  concave bottom. Water e n t e r i n g  t h e  t ank  through 
t h e s e  p i p e s  washes over  t h e  concave bottom, meets a t  a l o c a t i o n  away from t h e  
d r a i n ,  and wel l s  upward. Tests  u s i n g  tracer t echn iques  and t r a n s m i s s i o n  mea- 
surements  have confirmed t h a t  t h i s  c i r c u l a t i o n  system p rov ides  a near-uniform 
homogeneous mixture  throughout  t h e  t ank .  For p o l l u t a n t s  such as sewage s ludge  
wi th  s p e c i f i c  g r a v i t i e s  l e s s  than  2.6,  t h e  p r e s e n t  l a b o r a t o r y  s e t u p  can suspend 
p a r t i c l e s  larger than  70 U m  i n  diameter. 
The f i l t r a t i o n  and d e i o n i z a t i o n  system i n c l u d e s  a commercial f i b e r  
swimming-pool f i l t e r ,  an  a c t i v a t e d  carbon f i l t e r ,  and a charged r e s i n  d e i o n i z e r .  
These u n i t s  were p laced  i n  w a t e r l i n e s  p a r a l l e l  t o  t h e  main c i r c u l a t i o n  system 
w a t e r l i n e s  and can be used s e p a r a t e l y  o r  i n  any combinat ion by u s i n g  v a l v e s .  
The two f i l t e r s  remove p a r t i c u l a t e s  and d i s s o l v e d  o rgan ic  materials from t h e  
water be fo re  it r e a c h e s  t h e  d e i o n i z e r  where d i s s o l v e d  i o n i c  subs t ances  are 
removed. After t a p  water is cond i t ioned  through t h i s  sys tem,  it c o n t a i n s  l e s s  
than  0 .5  ppm o f  suspended s o l i d s  and less  than  2 ppm of  d i s s o l v e d  s u b s t a n c e s .  
The l i g h t  sou rce  is a s o l a r - r a d i a t i o n  s i m u l a t o r  designed t o  approximate t h e  
s p e c t r a l  c o n t e n t  o f  t h e  Sun ' s  r a y s .  The r a d i a t i o n  spec t rum is produced by a 
2.5-kW xenon s h o r t - a r c  lamp and t r a n s f e r r e d  t o  t h e  target p l ane  through an o p t i -  
c a l  arrangement  i n s i d e  t h e  s i m u l a t o r  and a c o l l i m a t i n g  l e n s  accesso ry .  With t h e  
c o l l i m a t i n g  l e n s  a c c e s s o r y ,  t h e  p r o j e c t e d  beam is c o l l i m a t e d  t o  a 0.15-m d iame te r  
0 .3  m from t h e  s i m u l a t o r  and has  a +2.5O c o l l i m a t i o n  a n g l e .  For t h e s e  expe r i -  
ments ,  t h e  s i m u l a t o r  was l o c a t e d  approximate ly  15.2 m from t h e  water tank  as 
i l l u s t r a t e d  i n  f i g u r e  1.  A t  t h i s  d i s t a n c e  from t h e  s i m u l a t o r ,  t h e  beam is abou t  
1.2 m i n  diameter. A m i r r o r  p o s i t i o n e d  1.52 m above t h e  water tank  ref lects  t h e  
c e n t e r  o f  t h e  beam t o  t h e  water s u r f a c e .  The inc idence  a n g l e  wi th  t h e  water su r -  
face is 130 t o  avoid  s p e c u l a r  r e f l e c t a n c e .  The f i r s t - s u r f a c e  m i r r o r  is coa ted  
w i t h  aluminum and p r o t e c t e d  by an  ove rcoa t  o f  s i l i c o n  monoxide. It h a s  a 
0.3-m diameter  and ref lects  a n  e l l i p t i c a l  s p o t  on t h e  water s u r f a c e ,  which h a s  
a maximum d iame te r  o f  0.35 m. The s i m u l a t o r  s p e c t r a l  i n p u t  t o  t h e  water s u r f a c e  
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is similar to  bu t  n o t  a precise d u p l i c a t e  o f  s e a - l e v e l  s t a n d a r d  s o l a r - r a d i a t i o n  
cu rves  o f t e n  used i n  e n g i n e e r i n g  c a l c u l a t i o n s  ( r e f .  5 ) .  F igu re  2 ( a )  shows t h a t  
t h e  s t anda rd  s e a - l e v e l  c u r v e s  are q u i t e  v a r i a b l e ,  depending on t h e  s o l a r  e l eva -  
t i o n  a n g l e .  
t h e  s o l a r  spec t rum a t  a s o l a r  e l e v a t i o n  a n g l e  of 300. These cu rves  s u g g e s t  t h a t  
when l a b o r a t o r y  measurements are made a t  a 32-nm s p e c t r a l  r e s o l u t i o n ,  t h e  i n p u t  
spectrum and p o s s i b l y  t h e  o u t p u t  measurements are similar t o  those  t h a t  would 
be expec ted  i n  t h e  f i e l d  i f  t h e  s o l a r  e l e v a t i o n  a n g l e  is on t h e  o r d e r  o f  300. 
The t o t a l  i n t e n s i t y  o f  t h e  l i g h t  h i t t i n g  t h e  water s u r f a c e  is  approximate ly  
8 pe rcen t  o f  t h a t  i n  a c t u a l  f i e l d  c o n d i t i o n s .  
F i g u r e  2 ( b )  shows t h e  s i m u l a t o r  spec t rum normalized a t  600 nm t o  
The rap id-scanning  spec t romete r  system c o n s i s t s  o f  a spec t romete r  u n i t  w i th  
a t e l e p h o t o  l e n s  a t t achmen t  and a plug-in u n i t  w i th  an  o s c i l l o s c o p e  and camera 
a t t achmen t .  The spec t romete r  u n i t  w i th  t e l e p h o t o  l e n s  a t t achmen t  is mounted 
2.43 m above t h e  s u r f a c e  o f  t h e  water as i l l u s t r a t e d  i n  f i g u r e  1 .  The spectrom- 
e t e r  u s e s  a Czerny-Turner monochromator w i thou t  an  e x i t  s l i t .  The s p e c t r a l  ou t -  
pu t  o f  t h e  monochromator is focused  on t h e  target o f  a v i d i c o n  tube  where t h e  
spectrum is  s t o r e d  as an  e l ec t r i ca l  charge  image. An e l e c t r o n  beam p e r i o d i c a l l y  
scans  t h e  v i d i c o n  target t o  conve r t  t h e  charge  image i n t o  an  e l e c t r o n i c  s i g n a l .  
T h i s  s i g n a l  is processed  by t h e  plug-in u n i t  which f u n c t i o n s  as an e l e c t r o n i c  
s i g n a l  p rocesso r  and c o n t r o l l e r  between t h e  spec t romete r  and t h e  o s c i l l o s c o p e .  
The s i g n a l  is d i s p l a y e d  on t h e  o s c i l l o s c o p e  and is  p h o t o g r a p h i c a l l y  recorded  wi th  
t h e  camera. The spec t romete r  is designed t o  measure power p e r  s p e c t r a l  bandwidth 
( s p e c t r a l  power).  The o s c i l l o s c o p e  s c r e e n  is used t o  show disp lacement  of  t h e  
in s t rumen t  measurement. Osc i l l o scope  d isp lacement  is  p r o p o r t i o n a l  t o  s p e c t r a l  
power, as shown i n  t h e  equa t ion  
The s i g n a l  i s  i n t e r n a l l y  processed  i n  such a manner t h a t  t h e  v e r t i c a l - s c a l e  sen- 
s i t i v i t y  f a c t o r  S has  a c o n s t a n t  va lue  over  t h e  wavelength range from 400 t o  
980 nm. Values o f  S were ob ta ined  by t h e  manufac turer  u s ing  c a l i b r a t i o n  pro- 
cedures  desc r ibed  i n  r e f e r e n c e  6 .  ( A f t e r  r e c e i p t  o f  t h e  in s t rumen t ,  t h e  manu- 
f a c t u r e r ' s  c a l i b r a t i o n  was checked i n  a n  approximate manner p r i o r  t o  t h e  tes ts  
desc r ibed  h e r e i n . )  The upwelled s p e c t r a l  r a d i a n c e  Lu(x)  is de f ined  as 
where A is the  area o f  t he  spec t romete r  e n t r a n c e  slit  and 52 is t h e  accep- 
t ance  s o l i d  a n g l e  o f  t h e  spec t romete r .  Radiance v a l u e s  g iven  h e r e i n  are based 
on power r ece ived  a t  t h e  d e t e c t o r  and are no t  c o r r e c t e d  f o r  l o s s e s  through t h e  
t e l e p h o t o  l e n s .  Tests wi th  and wi thout  t h e  l e n s  i n d i c a t e  t h a t  such l o s s e s  are 
much less  than  5 p e r c e n t  f o r  wavelengths between 400 and 980 nm. 
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Combining e q u a t i o n s  (1 )  and (2 )  r e s u l t s  i n  
DS 
AR 
LU(X) = - 




( 3 )  
where 
Thus upwelled s p e c t r a l  r a d i a n c e  i s  determined from o s c i l l o s c o p e  d isp lacement  and 
t h e  p r o p o r t i o n a l i t y  c o n s t a n t  K ,  which i s  a f u n c t i o n  o f  t h e  c a l i b r a t i o n  f a c t o r  S 
(which i n c l u d e s  o p t i c a l  t r a n s m i s s i v i t y ) ,  as w e l l  as accep tance  a n g l e  R and s l i t  
area A .  
I n  o r d e r  t o  o b t a i n  s p e c t r a l  r e f l e c t a n c e  P u ( x ) ,  Lu(x)  measurements are  
made o f  a 99-percent  h o r i z o n t a l  d i f f u s e  r e f l e c t o r  nea r  t h e  water s u r f a c e .  Values  
ob ta ined  are p r o p o r t i o n a l  t o  t h e  spectrum be ing  i n p u t  t o  t h e  water by t h e  s o l a r  
s i m u l a t o r .  Re f l ec t ance  is then computed by u s i n g  t h e  e q u a t i o n  
I L U ( X ) I  Water mixture  
lLU(A) I 99-percent  d i f f u s e  r e f l e c t o r  
P U O )  = ( 5 )  
By a d j u s t i n g  t h e  s l i t  area,  s p e c t r a l  r e s o l u t i o n  o f  t h e  spec t romete r  may be  
changed.  For t h e  t e s t s  d e s c r i b e d  h e r e i n ,  a l l  l a b o r a t o r y  measurements were made 
wi th  a s p e c t r a l  r e s o l u t i o n  o f  32 nm. F i e l d  data were t aken  a t  a s p e c t r a l  r e s o l u -  
t i o n  o f  16 nm t o  p reven t  i n s t rumen t  s a t u r a t i o n  because o f  t h e  b r i l l i a n c e  o f  t h e  
Sun. S e v e r a l  a i r c ra f t  m u l t i s p e c t r a l  s canne r s  have bandwidths i n  t h e  same g e n e r a l  
r ange .  
The in s t rumen t  h a s  been observed t o  expe r i ence  d a i l y  v a r i a t i o n s  i n  t h e  cal- 
i b r a t i o n  f a c t o r  K which a f fec ts  a b s o l u t e  accu racy .  According t o  in s t rumen t  
s p e c i f i c a t i o n s ,  a b s o l u t e  accu racy  o f  t h e  measurements is b e l i e v e d  t o  be  ?20 per-  
c e n t  i n  t h e  400- t o  600-nm range and +12 p e r c e n t  i n  t h e  600- t o  900-nm range .  
( A  comparison o f  r e s u l t s  from a number o f  l a b o r a t o r y  tests a t  NASA t e n d s  t o  
v e r i f y  t h e  manufac tu re r ' s  s p e c i f i c a t i o n s . )  Inc luded  i n  t h e  a b s o l u t e  e r r o r  is 
a r e p e a t a b i l i t y  u n c e r t a i n t y  o f  k13 pe rcen t  i n  the.  400- t o  600-nm range and 
+3.5 p e r c e n t  i n  t h e  600- t o  900-nm range .  D i scuss ions  w i t h  t h e  manufac turer  
9 
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i n d i c a t e  t h a t  these v a l u e s  are b e l i e v e d  t o  be r e p r e s e n t a t i v e  o f  30 e r r o r  bands.  
Because of these a b s o l u t e  e r r o r s ,  s p e c t r a l  r a d i a n c e s  from tests conducted on 
d i f f e r e n t  days  u s u a l l y  d i f f e r  somewhat i n  magnitude. The o v e r a l l  shape of t h e  
r e l a t i v e  spectrum over  t he  wavelength range  is c o n s i s t e n t  between tests con- 
ducted on d i f f e r e n t  days .  
10 
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TABLE I.- DRY BERMUDA HUNDRED BOTTOM SEDIMENT CHEMICAL PROPERTIES 
Moisture .  percent  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Carbon on demand. percent  . . . . . . . . . . . . . . . . . . . . . . . .  
O i l  and grease. percent  . . . . . . . . . . . . . . . . . . . . . . . . .  
S u l f a t e .  percent  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Mercury. ppm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I r o n .  ppm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Cadmium. ppm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Lead. ppm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Zinc. ppm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Copper. ppm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Kepone. ppm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
PCB's  (Arc lor  1254). ppm . . . . . . . . . . . . . . . . . . . . . . . .  
V o l a t i l e  s o l i d s .  percent  of  t o t a l  s o l i d s  . . . . . . . . . . . . . . . .  
T o t a l  Kje ldahl  n i t rogen .  mg/liter . . . . . . . . . . . . . . . . . . . .  
aNot analyzed . 
TABLE 11.- WET BAILEY BAY BOTTOM SEDIMENT CHEMICAL PROPERTIES 
Moisture .  percent  . . . . . . . . . . . . . . . . . . . . . . . . . .  
Carbon on demand. percent  . . . . . . . . . . . . . . . . . . . . . .  
T o t a l  Kje ldahl  n i t rogen .  mg / l i t e r  . . . . . . . . . . . . . . . . . .  
O i l  and g rease .  percent  . . . . . . . . . . . . . . . . . . . . . . .  
S u l f i d e s .  mg/liter . . . . . . . . . . . . . . . . . . . . . . . . . .  
Mercury. ppm . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I r o n .  ppm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Cadmium. ppm . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Lead.ppm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Zinc. ppm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Copper. ppm . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Kepone. ppm . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
P C B ' s  (Arclor  12541. ppm . . . . . . . . . . . . . . . . . . . . . .  
















6. 0 . 8.84 . 4334.76 




. 147.1 . 1125.0 . 366.17 . 0.89 . 2.64 
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TABLE 111.- PARTICLE S I Z E  CHARACTERISTICS 
Water mixture  
Ba i l ey  Bay bottom sedimenta 
Bermuda Hundred bottom sedimenta 
Bermuda Hundred water columnC 
(May 17,  1977) 
S i z e  range,  
P 
< 1  t o  420 
< I  t o  300 






aAnalyzed by s i e v e  and p i p e t t e  techniques.  
b50 percent  c o a r s e r  by weight.  
CAnalyzed by Coulter  procedures .  
d50 percent  c o a r s e r  by volume. 
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Figure 1.- Ske tch  of l a b o r a t o r y  s e t u p .  
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(b) Labora tory  and s t anda rd  s e a - l e v e l  s p e c t r a .  
F igu re  2.- Comparison of l a b o r a t o r y  and s t a n d a r d  
s e a - l e v e l  i n p u t  s p e c t r a .  
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# Site of sediment sample 
James River 
Bermuda Hundred r 
City of Hopewell 
' ) \ \ / Bailey Bay/ 
u a u c y  LGr avelly Run 
River 
F igure  3.- Map of Hopewell, Va., area, showing l o c a t i o n s  of sediment sample sites. 
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A, nm 
( a )  S p e c t r a l  r a d i a n c e .  
F igu re  4.- Labora tory  s p e c t r a l  r ad iance  and r e f l e c t a n c e  f o r  suspended 
Bermuda Hundred bottom sediment i n  f i l t e r e d ,  de ion ized  water. 
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( b )  S p e c t r a l  r e f l e c t a n c e .  
F igu re  4.- Concluded. 
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( a >  S p e c t r a l  r a d i a n c e .  
F i g u r e  5.- Labora tory  s p e c t r a l  r a d i a n c e  and r e f l e c t a n c e  f o r  suspended 
B a i l e y  Bay bottom sediment in f i l t e r e d ,  de ionized  water. 
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(b) S p e c t r a l  r e f l e c t a n c e .  
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( a >  S p e c t r a l  r a d i a n c e .  
F i g u r e  6 . -  Comparison of s p e c t r a l  r a d i a n c e  and r e f l e c t a n c e  of suspended 
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( b )  S p e c t r a l  r e f l e c t a n c e .  
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I I Sediment mixture concentrations. m m  I 
I 1  I 25 I 0 I 25 I 
I I I 173 I 198 7 25 
T Mixture no. 
I 
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- 1  ~ I I I 1 
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( a )  S p e c t r a l  r a d i a n c e .  
F i g u r e  7.- Labora tory  s p e c t r a l  r a d i a n c e  and r e f l e c t a n c e  f o r  mix tu res  
of suspended Bermuda Hundred and Ba i l ey  Bay bottom sediments  i n  
f i l t e r e d ,  de ion ized  water. 
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(b) S p e c t r a l  r e f l e c t a n c e .  
Figure 7.- Concluded. 
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Figure 8.- Comparison of Bermuda Hundred and mixed sediment 
















(Spectral resolution = 16 nm) k 
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Figure 9.-  Comparison of l abora to ry  and f i e l d  s p e c t r a l  r e f l e c t a n c e  data 








Fig. 6 (25 ppm) 
-- - -- Fig. 4 (25 ppm) 
Laboratory tests 
Spectral resolution = 32 nm 
- - - - Apr. 14, 1977 (35 ppm) 
- --  -- May 17, 1977 (25 ppm) 
1 
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F i g u r e  10.- Comparison o f  l a b o r a t o r y  and f i e l d  normalized s p e c t r a l  
r e f l e c t a n c e  data a t  Bermuda Hundred l o c a t i o n .  
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